Summary At the end of the growing season in late July, 20-month-old cork oak (Quercus suber L.) saplings were partially defoliated (63% of leaf area) to evaluate their ability to recover leaf area after defoliation. At 18 and 127 days after defoliation, changes in starch and nitrogen pools were determined in leaves and perennial organs, and variations in photosynthetic carbon uptake were investigated. To determine the role of stored nitrogen in regrowth after defoliation, plant nitrogen was labeled in the previous winter by enriching the nutrient solution with 15 N. Plants recovered the lost leaf area in 127 days. Although there was remobilization of starch and nitrogen from leaves and perennial organs, the availability of resources for growth in the following spring was not decreased by defoliation. On the contrary, starch concentration in coarse roots was higher in defoliated saplings than in control saplings, presumably as a result of the higher net CO 2 exchange rate in newly developed leaves compared with pre-existing leaves.
Introduction
The southwest region of Portugal is dominated by a savanna-type agroforestry system, called montado, which has a sparse cover of cork oak (Quercus suber L.) and holm oak (Quercus ilex L.) trees, often associated with a grazed herbaceous stratum (Joffre et al. 1999) . Grazing may also affect woody plants, especially during the summer drought period when the herbaceous annuals have become desiccated. Trees may also suffer defoliation as a result of insect attacks mainly on young leaves (Bachiller et al. 1992) . Premature senescence and abscission of leaves has been recorded in Quercus ilex trees as a consequence of severe drought (Peñuelas et al. 2000) . As a result of the predicted climate warming in the Mediterranean area and the associated increases in the intensity and frequency of drought, the frequency of defoliation is likely to increase.
Independently of the causes, defoliation can negatively affect tree growth and health. In young trees, defoliation may be one of the factors negatively affecting natural regeneration of forests. Tissue regrowth after defoliation requires suitable sources of carbon (C) and nitrogen (N). Increased leaf photosynthetic rate (Ovaska et al. 1992 , Chen et al. 2001 and N uptake (Jonasson 1995) , as well as the remobilization of C and N from remaining leaves (Cherbuy et al. 2001 ) and woody tissues (Webb and Karchesy 1976, Vanderklein and Reich 1999) , can be effective mechanisms enabling plants to recover their original leaf area.
In evergreen species, remobilization of stored C involves changes in starch pools in perennial organs and leaves, whereas in deciduous species, only wood and roots are employed as C reservoirs (Egger et al. 1996) . In evergreens, pre-existing leaves continuously supply carbohydrates, and the greatest starch concentration is found at the end of winter, just before bud break (Gholz and Cropper 1991, Egger et al. 1996) . In deciduous species, starch concentration is low in winter months and increases during spring and summer (Lacointe et al. 1993) .
The existence of an internal N cycle, alternating between storage and remobilization, has already been demonstrated in deciduous and evergreen species and is a major source of N supporting the seasonal growth of trees (Millard 1996) . In deciduous trees, senescing leaves export N to wood and roots, where it is stored until the next growing season, when it is remobilized to support growth of new leaves (Tagliavini et al. 1998) . In evergreens, not only wood and roots, but also pre-existing leaves (Millard and Proe 1992, Legaz et al. 1995) are important reservoirs of N supporting growth of new foliage. Because defoliation may cause the loss of a substantial amount of N located in the foliage of evergreens, recovery after defoliation may be slower in these species than in deciduous species, which store N mostly in perennial organs (Millard et al. 2001) .
Our main objective was to study the physiological responses of cork oak to defoliation to determine whether: (1) defoliated plants were able to recover their leaf area and, if so, when recovery occurred; (2) remobilization of stored C and N occurred, decreasing the amount of available internal reservoirs; and (3) photosynthetic C uptake was stimulated by the presence of new sinks.
Materials and methods

Plant material and experimental conditions
The experiment took place at the Instituto Superior de Agronomia (Lisbon, Portugal). Eight-month-old cork oak (Quercus suber) saplings, with cotyledons removed to induce early autotrophy, were transplanted in July 1996 to 7.7-dm 3 pots filled with washed sand. Saplings (n = 48) were grown outdoors under natural environmental conditions and were fertilized twice a week with a complete nutrient solution containing 6 mol m -3 N, in the form of NH 4 NO 3 (Millard and Proe 1991) . Saplings were watered to field capacity with deionized water when precipitation was insufficient to meet plant needs.
The spring growth flush began in March and lasted until July 1997. Leaf longevity in juvenile cork oak exceeds 1 year, which is shorter than that in conifers but similar to that in other Mediterranean evergreens (Pereira et al. 1987) . The spring growth flush was completed by the end of July and the 1-year-old leaves were shed in September. During June and July, lateral twigs were marked to monitor shoot growth. When spring growth flush was completed, in the second half of July 1997, half of the saplings were manually defoliated by removing up to 70% of the total leaf number, corresponding to an average of 63 ± 6.8% of total leaf area per sapling. All 1-year-old leaves were removed, representing about 11% of total leaf area. The other leaves removed (about 52% of total leaf area) consisted of spring leaves. After defoliation, defoliated saplings had only spring leaves, whereas control saplings had 1-year-old leaves plus spring leaves. Lateral and terminal buds were not removed, so that they could support future regrowth. At the end of the experiment, defoliated saplings had spring and regrowth leaves (leaves grown after defoliation), whereas control saplings had only spring leaves because all of the 1-year-old leaves were shed by September.
Saplings were sampled on August 15 when new sprouting began (18 days after defoliation) and on November 10, when regrowth stopped (127 days after defoliation). At each harvest, 12 defoliated and 12 control saplings were collected. Plant material was separated into spring leaves, 1-year-old leaves and regrowth leaves, stem and branches, and coarse and fine roots. Each fraction was oven-dried (70°C) for 48 h and weighed to determine biomass.
Gas exchange, specific leaf area and chlorophyll determinations
Before each harvest, gas exchange measurements were performed with a CO 2 /H 2 O porometer (HCM-100, Walz, Germany) twice a day, in the morning (1000 h) and in the afternoon (1400 h), under ambient conditions. Gas exchange measurements were made on three leaves per plant and per age class (1-year-old leaves, spring leaves and regrowth leaves) of six plants per treatment. Leaf disks were collected for specific leaf area (SLA) and chlorophyll (Chl) determinations. Specific leaf area was calculated as the ratio between leaf area and dry mass (after 48 h at 70°C). Chlorophyll concentrations were determined as described by Arnon (1949) .
Nonstructural carbohydrate analysis
Samples of leaves, stem, branches and coarse roots were collected from each sapling for determination of total nonstructural carbohydrates (TNC). Leaf samples were always collected early in the morning (0800 h). First-order branches were collected near their insertion point on the stem. Stem samples were collected below the insertion of the lower branch and coarse root samples were collected from a few centimeters below the collar. The quantities of wood and bark sampled were in proportion to those in the original material. Fresh material was immediately frozen in liquid N 2 and stored at -80°C until analyzed. Soluble sugars were extracted in 70% (v/v) ethanol, and starch was extracted from the residue by heating it in 1.1% (v/v) HCl for 30 min at 95°C. Both soluble sugars and starch were determined colorimetrically at 625 nm with anthrone reagent (Robyt and White 1990) . We calculated TNC as the sum of soluble sugars plus starch.
Labeling with 15 N and isotopic analysis
From December 1996 to January 1997, half of the saplings (n = 24) were labeled with 15 N by enriching the ammonium nitrate in the nutrient solution ( 15 NH 4 15 NO 3 , 6 atom%, CK Gas Products, U.K.). Labeling was performed when saplings were not actively growing and was continued for about a month, a period considered long enough to achieve an isotopic equilibrium between the labeled source and the circulation pools. At each harvest, six labeled saplings per treatment were collected. Six unlabeled saplings per treatment were also collected and used to determine the natural 15 N atom% background. Isotope ratio mass spectrometric analyses for isotopic abundances and elemental analyses of C and N were performed on dried material finely ground in a mill (MM2000, Retsch, Germany). Isotopic and elemental analyses were performed with an elemental analyzer (NA 1500 NCS, Carlo Erba, Milan, Italy) coupled with a mass spectrometer (VGA optima, Fisons Micromass, Manchester, U.K.) at the Institut de Biotechnologie des Plantes, Université de Paris Sud (Orsay, France) and with an elemental analyzer (EA, Carlo Erba) coupled with a mass spectrometer (VG Sira, Serie II, VG Isogas, Middlewich, Cheshire, U.K.) at the Instituto per l'Agroselvicultura, Consiglio Nazionale delle Ricerche (Porano, Italy). The two machines were intercalibrated.
The 15 N enrichment ( 15 N excess ; mg) was calculated for each plant part as:
where the isotopic abundance for either labeled (A labeled %) or unlabeled (A unlabeled %) saplings was calculated as described by Deléens et al. (1994) , DM is dry mass and N is nitrogen concentration.
Plant partitioning ( 
Data analysis
One-way analysis of variance (ANOVA) was used to assess differences, independently in each plant part and in the whole plant, between treatments within the same date or between harvests within the same treatment. Different leaf age classes (spring, 1-year-old and regrowth) were taken into account by considering 'treatment × leaf age class' as a unique factor. A two-way ANOVA (harvest × treatment) was used for total plant leaf area, plant biomass, N concentration and 15 N excess to evaluate the possible influence of harvest on defoliation. Variables were transformed when it was necessary to obtain homogeneity of variance. Untransformed mean values are presented in the tables and figures.
Results
Regrowth of leaves after defoliation
In November, 127 days after defoliation, there were no significant differences (P > 0.05) in leaf area between defoliated and control saplings (Figure 1 ). For control saplings, there were no significant differences (P > 0.05) in spring leaf area between August and November, confirming that seasonal growth of leaves was completed by August. All plant parts except leaves (branches, stem, coarse and fine roots) showed a significant increase in biomass between harvests, whereas defoliation had no statistically significant effect (Table 1) .
Leaf structure and chemical composition
Spring leaves showed no differences in specific leaf area (SLA), chlorophyll (Chl) concentration or N concentration between treatments, at either harvest (Table 2 ). In August, 1-year-old leaves had higher SLA and lower Chl and N con- centrations per unit leaf area than spring leaves. In November, regrowth leaves had higher SLA than spring leaves, whereas Chl and N concentrations of regrowth leaves were similar to those of spring leaves. The ratios Chl/N and C/N were unaltered by treatment or leaf age class in August and in November, suggesting that changes in Chl and N concentrations were a consequence of increases in SLA.
Total and labeled N
Nitrogen concentrations of leaves are shown in Table 2 . In all other plant parts, N concentration was constant throughout harvests and treatments (Table 3 ). Recovery of labeled N was used to determine the effect of defoliation treatment on N stored since the previous winter. The amount of 15 N excess was significantly lower in stems and coarse roots of defoliated saplings compared with control saplings, whereas defoliation had no significant effect on total plant amount of 15 N excess (Table 4) . Although the mean increase in 15 N excess for the total plant was about 45% between August and November, this difference was not significant (t-test, P > 0.05) as shown also by the two-way ANOVA (P > 0.05). Therefore, the lower value of 15 N excess observed in stems and coarse roots of defoliated saplings must be the result of internal remobilization. Table 5 shows 15 N excess values for leaves separated by age class. No differences were observed in the 15 N enrichment of spring leaves between treatments and harvests. In August, 1-year-old leaves had a greater amount of 15 N excess than spring leaves from the same treatment calculated as atom%, but the absolute content of stored N was significantly lower because their biomass was small compared with total plant foliage biomass. In November, 15 N excess did not differ significantly between regrowth leaves and spring leaves, either as atom% or absolute content. In defoliated plants, there were significant differences in 15 N partitioning (Figure 2 ) between the two harvests: in roots and stems, the relative percentage of 15 N was lower in August than in November, whereas in leaves, the opposite pattern was observed. In contrast, in control saplings, 15 N partitioning did not change from August to November and was similar to that in defoliated saplings in November when the recovery of leaf area was completed. Nitrogen partitioning did not differ between harvests in either defoliated or control saplings.
Carbohydrates
There were large differences in the concentrations of soluble sugars, starch and TNC among plant compartments. Leaves 86 CERASOLI, SCARTAZZA, BRUGNOLI, CHAVES AND PEREIRA TREE PHYSIOLOGY VOLUME 24, 2004 (Figure 3) . The highest concentration of starch was found in coarse roots, followed by stems and branches (Figure 4 ). In August, starch concentrations in spring leaves were significantly lower in defoliated saplings than in control saplings. The decrease in starch concentration in defoliated saplings did not affect TNC concentration but the starch/TNC ratio was significantly lower. One-year-old leaves had lower soluble sugars, starch and TNC concentrations than spring leaves of control saplings. In November, soluble sugars, starch and TNC concentrations were significantly lower in leaves of defoliated saplings than in leaves of control saplings, irrespective of age class. The concentrations of soluble sugars in stems, branches and coarse roots did not differ significantly between treatments, in August or in November. In August, starch concentrations were lower in stems and branches of defoliated saplings than in control saplings. Consequently, stem TNC concentration decreased in response to defoliation. Similarly, the starch/TNC ratio in branches decreased in response to defoliation. Defoliation had no effect on the concentration of any form of carbohydrates in coarse roots in August. In November, starch concentrations in stems and branches did not differ between treatments, whereas starch concentrations in coarse roots were greater in defoliated saplings than in control saplings. Also, TNC concentration was higher in branches and coarse roots of defoliated saplings compared with control saplings.
Photosynthesis
In all leaves except 1-year-old leaves, the highest values of net CO 2 exchange rate (CER) were always recorded in the morning ( Figure 5) . Defoliation had no effect on CER in spring leaves at any date. In August, a significant decrease in CER was observed in the morning in 1-year-old leaves compared with spring leaves; however, no differences were apparent TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PHYSIOLOGICAL RESPONSE OF CORK OAK TO DEFOLIATION 87
Figure 2. Partitioning of 15 N (top panel) and N (bottom panel) among leaves, stem branches and roots (coarse + fine) measured in August and November in defoliated and control saplings. Within a treatment, * (P < 0.05) and ** (P < 0.01) indicate significant differences in a one-way ANOVA. when rates were calculated on a leaf N content basis. Compared with August, measurements in November showed a general decrease in CER of spring leaves from both treatments, whereas regrowth leaves exhibited higher CER per area and per N content than spring leaves. The ratio of intracellular to atmospheric CO 2 partial pressure ( p i /p a ) was significantly 88 CERASOLI, SCARTAZZA, BRUGNOLI, CHAVES AND PEREIRA TREE PHYSIOLOGY VOLUME 24, 2004 higher in 1-year-old leaves than in spring leaves in the morning in August. In November, spring leaves of control saplings had a higher p i /p a ratio in the afternoon compared with spring leaves on defoliated saplings.
Discussion
Recovery of leaf area and utilization of reserves
Cork oak seedlings were able to recover their original leaf area in about 4 months following removal of more than 60% of their leaf area. Biomass was unaffected by the defoliation treatment. We note that the recovery of foliage under the experimental conditions could have been facilitated by the regular supply of water and nutrients. It is known that, in Mediterranean regions, soil N content is usually low and water stress is frequent during the summer. Therefore, under field conditions, photosynthetic carbon assimilation and growth are likely to be limited and the recovery of foliage negatively affected.
The amount of labeled N recovered for the whole plant did not differ significantly between dates or treatments, despite a 45% difference between August and November. The great variability observed was probably a consequence of tree to tree variation and the method of calculating whole-plant 15 N excess as the sum of 15 N excess in each plant organ. The 15 N excess analysis demonstrated that N reserves located in stem and coarse roots were remobilized to support regrowth. According to Millard et al. (2001) , the ability to recover from defoliation differs in deciduous and evergreen trees and the difference is related to the sites of N storage. Evergreen conifers store N in their needles, and consequently, it is lost with defoliation. In contrast, deciduous trees store N in perennial organs and thus, all resources are available to support leaf regrowth after defoliation. Cork oak, although an evergreen species, behaved as a deciduous species and remobilized N stored in stem and roots, which is consistent with the observation that cork oak has short-lived foliage compared with other evergreens (Pereira et al. 1987) .
Defoliation temporarily decreased starch concentrations in spring leaves, stems and branches. Other studies have shown that defoliation causes reductions in starch concentrations in foliage, twigs and roots of Pseudotsuga menziesii Mirb. Franco (Webb and Karchesy 1976) , in foliage and roots of Pinus resinosa Ait. and in foliage and stem of Larix leptolepis (Sieb. & Zucc.) Gord. (Vanderklein and Reich 1999) . In the last mentioned study, the largest pool of TNC was located in roots in both species, but was affected by defoliation only in the evergreen species (Vanderklein and Reich 1999) . In cork oak saplings, as in the deciduous Larix, starch concentration in coarse roots was unaffected by defoliation, although it represented the largest starch pool in the plant.
In branches and spring leaves, defoliation affected only the partitioning between soluble sugars and starch, because TNC was unaffected by defoliation. However, in stems, both starch and TNC concentrations were decreased by defoliation, probably because the new developing foliage was a strong sink.
Photosynthetic C uptake
Although defoliation altered C allocation, it had no effect on photosynthetic C uptake. In contrast with observations in previous experiments (Ovaska et al. 1992 , Chen et al. 2001 , spring leaves of cork oak had similar CER in defoliated and control saplings. Regrowth leaves had higher CER than spring leaves in November, even though N concentration was similar in every leaf type. This finding may have several explanations. Regrowth leaves had higher SLA than spring leaves, which can be attributed to higher N and water availability after defoliation (Pereira 1993) . Niinemets (1999) found a positive correlation between SLA and Rubisco activity in a range of woody species, independent of N concentration. The explanation for the positive correlation could reside in higher intraleaf CO 2 diffusion in the less dense leaves. Another factor that might contribute to the higher CER in regrowth leaves than in spring leaves is their higher stomatal conductance. However, the maintenance of p i /p a values in regrowth leaves compared with spring leaves seems to indicate a proportional increase in CER and stomatal conductance. The CER of regrowth leaves was similar to that observed in cork oak adult trees under field conditions (Faria et al. 1996 (Faria et al. , 1999 and to the CER recorded in spring leaves in August. Maroco et al. (2002) showed that maximum CO 2 fixation capacity by Rubisco and maximum electron transport capacity in 4-year-old cork oak plants decreased significantly with leaf age. Therefore, the higher CER recorded in regrowth leaves may partly be explained by the fact that they were newly formed.
Recovery of reserves
In November, when the sink strength of newly developed leaves decreased, starch concentrations were reestablished in stem and branches and even increased in coarse roots of defoliated saplings compared with control saplings. Similarly, Cherbuy et al. (2001) observed an increase in starch concentrations of lateral branches in Quercus ilex adult trees, 3 months after defoliation. Cherbuy et al. (2001) ascribed this increase in starch concentration to a positive balance between the consumption of reserves and the accumulation of current photoassimilates. We note that regrowth leaves had a higher photosynthetic rate than spring leaves in November and represented about half of the total foliage. Therefore, in November, the daily rate of C fixation and the amount of photoassimilates per plant in defoliated saplings were much higher than in control saplings. At the same time, the concentrations of starch and soluble sugars in leaves were lower in defoliated saplings than in control saplings. Because the rate of carbon fixation was higher in defoliated saplings than in control saplings, the reason for the decrease in the concentrations of starch and soluble sugars could be a result of higher consumption or export of assimilates to storage organs.
The timing of defoliation at the end of seasonal leaf growth probably facilitated the fast and complete recovery observed, because competition for resources with other sinks, for example, during leaf emergence in spring, was avoided. However, this is the time when defoliation is likely to occur under natural field conditions because evergreen Mediterranean oaks are more often defoliated by herbivores during the summer when water deficits reduce the availability of grass.
